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OUTLINEOUTLINE

1.1. IntroductionIntroduction
2.2. PressurePressure--Tuning Oxides: Tuning Oxides: FeOFeO
3.3. Novel Elemental MetalsNovel Elemental Metals
4.4. New Superconductors and SemiconductorsNew Superconductors and Semiconductors
5.5. Recent Technical DevelopmentsRecent Technical Developments

THEMESTHEMES

•• XX--ray and IRray and IR
•• Integration ofIntegration of techniquestechniques
•• Diverse applicationsDiverse applications
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ADVANCES IN STATIC HIGH PRESSURE

PRESSURE UNITS

103 atm ≈ kbar
106 atm ≈ Mbar
10 kbar = 1 GPa
1 Mbar = 100 GPa

1 Gigapascal = 109 N/m2
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e.g., to 27 mK at 160 GPa
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PRESSURE EFFECTS ON MATERIALSPRESSURE EFFECTS ON MATERIALS

• Pressure-tuning physical properties

• New phases and novel materials
- ELECTRONIC, SEMICONDUCTING, SUPERHARD

- STRUCTURE
- ELECTRONIC BANDS
- VIBRATIONAL DYNAMICS
- MAGNETIC STATES
- QUANTUM FLUCUATIONS
- COUPLING OF DEGREES

OF FREEDOM

‘Cleaner’ than chemical tuning
New physical phenomena 

e.g., 23 NEW ELEMENTAL
SUPERCONDUCTORS
UNDER PRESSURE
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HighHigh--Pressure Technology:Pressure Technology:
PLETHORA OF NEW DEVICESPLETHORA OF NEW DEVICES
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High-Pressure Beam lines

IR

X-RAY

National Synchrotron  Light Source
Brookhaven National Laboratory

Synchrotron Radiation is Essential
Hard xHard x--ray (>4 ray (>4 keVkeV) to Infrared (to diffraction limit)) to Infrared (to diffraction limit)

• Dedicated High-Pressure facility
(HPCAT, Sector 16)

• Other beamlines 
(Sectors 3, 9, 13) 

• Other facilities 

• Three dedicated beamlines
(X17B, X17C; U2A) 

• Sample preparation laboratory
• Support of other beamlines

Advanced Photon Source
Argonne National Laboratory
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An Integrated Approach 
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FeO: Prototype Example Fe
O
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• Mott-Hubbard insulator

• Complex high-pressure behavior

• Geophysical implications
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NiAsNiAs-type (B8)-type (B8)
MetallicMetallic

FeFe1-1-xxO O 

NaClNaCl-type (B1)-type (B1)
  Insulator  Insulator

RhombohedralRhombohedral
PhasePhase

• In situ laser heating/x-ray diffraction 
identifies high P-T boundaries
[Shen et al., to be published]

FeO: Prototype Example 

• Single-crystal x-ray diffraction 
(He medium) establishes 
rhombohedral phase
[Shu et al. (1996)]
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RELATIVE TO MOSSBAUER 
RESONANCE FOR 57Fe at 14.4 keV

Nuclear Resonant Inelastic XNuclear Resonant Inelastic X--ray Scatteringray Scattering

Phonons

Magnons

• Strong magnetoelastic coupling
• Origin of rhombohedral displacive transition
• Shear modulus softening

E = B1(α1
2exx+ α2

2eyy+ α3
2eyy) + B2(α1 α2exy+ α2 α3eyz + α1 α3exz)

+ (1/2)C11(exx
2 + eyy

2 + ezz
2) + (1/2)C44 (exy

2 + eyz
2 + ezx

2)
+ C12(eyyezz + exxezz + exxexx)

[Struzhkin et al., Phys. Rev. Lett. 87, 25550 (2001)]

Large opening “panoramic” cell
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Fe

O

[Cohen, Isaak, and Mazin, Science 275, 654 (1997)]

Magnetic Collapse in Magnetic Collapse in FeOFeO::
KKββ EMISSION SPECTROSCOPYEMISSION SPECTROSCOPY

[Badro et al., Phys. Rev. Lett. 83, 4101 (1999)]

• X-ray transparent Be gasket
• Rowland circle spectrometer (0.5 eV)
• Focused x-ray beams (10 µm spots)
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FeO

Predicted magnetic collapse 
(high-spin/low spin transition)

[Cohen et al., Science 275, 654 (1997)]
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Magnetic Collapse in Magnetic Collapse in FeOFeO::
KKββ EMISSION SPECTROSCOPYEMISSION SPECTROSCOPY

[Badro et al., Phys. Rev. Lett. 83, 4101 (1999)]

• X-ray transparent Be gasket
• Rowland circle spectrometer (0.5 eV)
• Focused x-ray beams (10 µm spots)
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Insulator-Metal Transition in FeO
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[Eremets et al., to be published]
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Implications for the EarthImplications for the Earth
LOWLOW--SPIN Fe IN THE DEEP MANTLE
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[Badro et al., Science 300, 789 (2003)]
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• (Mg,Fe,Al)SiO3 perovskite:
most abundant mineral in planet 

• High-spin/low-spin transition 
~100 GPa 

[Li et al., Science, submitted]
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[Shuka et al., Phys. Rev. B 67, 
081101 (2003)]

Charge Transfer in Charge Transfer in NiONiO::
RIXS TO 100 GPaRIXS TO 100 GPa
• Zero-pressure measurements
[Kao et al., Phys. Rev. B 54, 16361 (1996)]

• Be gasket technique
• ESRF (ID16), ∆E  = 1.4 eV
• Marked increase in band dispersion 

Accurate structure
determination 

Need for hydrostatic 
conditions 
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Novel Superconductors at High PressureNovel Superconductors at High Pressure

[Gao et al. (1994)]
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[Shimizu et al. 
(1998); Weck et al. 
(2002); Goncharov 
et al., in press]

RAMAN
Lithium 
High-Tc ->

“molecular”
metal

[Neaton & Ashcroft 
(2001);Shimizu 

et al. (2002);
Struzhkin et al.

(2002); Hanfland
et al. (2002)]
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PRESSURE-INDUCED TRANSFORMATIONS IN LITHIUM
Theoretical Predictions and X-ray Diffraction

THEORY: Dense Lithium 
as a Molecular Solid:
METAL-INSULATOR AND 
PAIRING TRANSITIONS,
SUPERCONDUCTIVITY

[Neaton & Ashcroft, 
Nature 400, 141 (1999)]

[Hanfland et al., Nature 408, 174 (2000)]

• Cubic 16 atom cell polymorph
• New structure type
• Predicted to be a semimetal, 

consistent with IR data
[Struzhkin et al., Bull. Am. Soc. 

44, 1489 (1999)]
[see also, Christensen & Novikov,  
Phys. Rev. Lett. 86, 1861 (2001)]

45 GPa
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IXS OF ‘SIMPLE’ ELEMENTS
Feasibility Studies [W. Mao, et al. Science, submitted]

• Tune rs to critical value for exact 
expression of S(q,ω) for the electron gas
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• Bonding changes in 17 GPa
transition in graphite 
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BiIII

““WeirdWeird”” MetalsMetals

[McMahon, Degtyareva & Nelmes,
Phys. Rev. Lett. 85, 4896 (2000);

Degtyareva et al., to be published]

Incommensurate host-guest structures 
in group-V elements: structure 
solution from combined powder and 
single-crystal diffraction data

Bi-III

Cs, Rb, Ga, Se, Te
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Superconductivity in the Chalcogens
[Gregoryanz et al., Phys. Rev. B 65, 06504 (2002)]
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[Akahama et al. (1997)]

MAGNETIC 
SUSCEPTIBILITY
TECHNIQUE

Structures by single-crystal/
powder diffraction 
(host-guest, incommensurate

– Se,Te)

Electronic structure/phonons 
by IXS
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Phonon Dispersion in Plutonium:Phonon Dispersion in Plutonium:
ZERO PRESSURE IXSZERO PRESSURE IXS

• Origin of anomalous properties of δ-phase
• IXS (ESRF) on oriented grains
• Good agreement with theory (LDA+U)

Extend to other high pressure

[Wang et al., Science 
301, 1078 (2003)]

[Dai et al., Science 300, 953 (2003)]
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Z = Z = 1 1 
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Synchrotron IR Synchrotron IR SpectroscopySpectroscopy
OfOf Dense Dense HydrogenHydrogen

[Hanfland et al. (1993); Hemley et al. (1994)
see also Chen et al. (1995) for D2]
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Optical/Infrared Absorption of Hydrogen
at Very High Pressures
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[Loubeyre et al. (2002)]

[Mao & Hemley (1989)]

[Hemley et al. (1996); 
see also Chen et al. (1996)]
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Optical/Infrared Absorption of Hydrogen
at Very High Pressures
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[Loubeyre et al. (2002)]

Absorption Edge (zero pressure)

Pressure dependence
from IXS
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Pressure Induced Dissociation of Nitrogen:Pressure Induced Dissociation of Nitrogen:
SYNCHROTRON INFRARED ABSORPTIONSYNCHROTRON INFRARED ABSORPTION

• Semiconducting to 230 GPa
• Consistent with electrical conductivity
• Loss of vibron – polymeric phase
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Nature 411, 170 (2001)]
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HH22O TO MEGABAR PRESSURESO TO MEGABAR PRESSURES::
Combination of IR and XCombination of IR and X--ray Diffractionray Diffraction
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[Hemley and Mao, J. Phys . Condens , Matter 49, 11157 (1998)]

•  bcc-like oxygen for ice VII and X
•  No other major phase transitions to at least 210 GPa

[Goncharov et al., Science
273, 218 (1996)]

HIGH PRESSURE SPECTRAHIGH PRESSURE SPECTRA
Synchrotron Infrared Reflectivity
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• Non-molecular ice first identified by 
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• X-ray confirms bcc-based structure
• New far-IR absorption
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Organic Systems:Organic Systems:
HEME DOMINGHEME DOMING--MODEMODE

40 60 80 100

HEME C-12

 

 

1 atm

2.4

4.3

8

8.5

7

4.5

1 kbar

1 atm

A
bs

or
ba

nc
e 

(a
rb

. u
ni

t)

Wavenumber (cm-1)

0 2 4 6 8
50

60

70

decrease P

HEME C-12

 

P (kbar)

increase P

 

W
av

en
um

be
r (

cm
-1
)

100 200 300
0

1

2

3

4

5

6

7

92.5

56.6 cm-1

HEME C-12

sample size: d=810 µm
                      t=280 µm
scan: 20 minutes

Mylar6

Mylar23

 

 

A
bs

or
pt

io
n 

co
ef

fic
ie

nt
 (m

m
-1
)

Wavenumber (cm-1)

• Doming mode found at 57 cm-1

• Large pressure shift (consistent with assignment)
• Far-IR at high pressure (large anvils)

[Klug et al., Proc. Nat. 
Acad. Sci. 99, 12526 (2002)]
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Growth of Diamond Anvils by 
Homoepitaxial Chemical Vapor 
Deposition: ”Large Volume” 
Diamond Cell

NEXT GENERATION HIGH-PRESSURE DEVICES:
Hybrid High-Pressure/CVD Anvils

0.025 ct 0.25 ct 2.5 ct 25 ct 

7.5mm 16.2mm3.5mm1.7mm

CVD homoepitaxial growth

[Yan et al. PNAS 99, 12523 (2002)]

Diamond Growing in a Plasma Reactor

Size Limitations 
of Conventional 
Devices

• Sample bridging in the 
small sample chamber

• Heat damage of the 
anvil due to thin 
samples\

• Temperature 
accuracy/precision 
compromised 

• Applications of several 
simultaneous probes 
limited
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LARGE VOLUME MEGABAR CELLS:
CVD Single Crystals are Ultrahard and Generate >200 GPa 
Pressures
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[W. Mao et al., 
Appl. Phys. Lett., 
submitted]

• Annealing at 2000 K and 7 GPa
• Vickers hardness ~ 160 GPa [Yan
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GENERAL CONCLUSIONSGENERAL CONCLUSIONS

1. New high-pressure/synchrotron radiation techniques 
provide important new tools for studying strongly
correlated electron systems

2. Bright microbeams from the hard x-ray (diffraction, 
inelastic scattering) and in the near- to far-IR
(absorption, reflectivity) range are essential. 

3. These need to be integrated with other
probes/techniques (ultralow T, magnetic fields, 
transport, laser methods)

4. New high-pressure methods (e.g., CVD single-crystal
diamond techniques) will allow a new generation of
high-pressure experiments.

5. All are needed for understanding myriad phenomena
being uncovered in new high pressure experiments
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